The Ni 2 MnGa-based Heusler alloys with high magnetocaloric effect have attracted considerable attention as a promising magnetic refrigerant. The phase-transition processes and magnetic entropy changes in the NiMnGa alloys with the concurrence of magnetic and structural phase transitions were studied. The ac magnetic susceptibility results showed the magnetic transition occurred during the reverse martensitic phase transition in the Ni 55.5 Mn 20 Ga 24.5 alloy and the direct transition from the ferromagnetic matrensitic phase to the paramagnetic austenitic phase occurred in the Ni 54.9 Mn 20.5 Ga 24.6 alloy. When the magnetic field had changed to 2 T, a comparable large magnetic entropy change was observed in both the Ni 55.5 Mn 20 Ga 24.5 and Ni 54.9 Mn 20.5 Ga 24.6 alloys, which is speculated as the result of the discontinuous change of magnetization near the phase transition.
Many materials undergoing the first-order magnetic transition have been found showing large magnetic entropy changes. Some typical representatives of them are Gd 5 ͑Si 1−x Ge x ͒ 2 , MnFeP 1−x As x , and La ͑Fe, M, Si͒ ͑M = Co, C͒, in which a structure transition or a lattice constant changing takes place accompanied with the magnetic phase transition, which results in a giant magnetic entropy change. [1] [2] [3] [4] [5] [6] [7] [8] In addition, the magnetic entropy changes of the Heusler-type NiMnGa alloys have been investigated. [9] [10] [11] [12] [13] The common NiMnGa alloys can undergo a reversible structure transition from a tetragonal martensite to a cubic austenite. Both the martensite and the austenite are ferromagnetic. The discontinuous change of magnetization at the transition temperature can lead to a magnetic entropy change. 6, 7 Research on singlecrystal Ni 53 Mn 22 Ga 25 shows that the magnetic entropy changes −⌬S m are negative near the reverse martensitic transition while positive near the magnetic phase transition from the ferromagnetic austenitic phase to the paramagnetic austenitic phase. 7 The two transition temperatures are different and the maximal magnetic entropy change is about 4.1 J kg −1 K −1 , when the magnetic field changes from 0 to 0.9 T. The magnetic entropy change is not as large as those observed in Gd 5 ͑Si 1−x Ge x ͒ 2 , MnFeP 1−x As x , and La ͑Fe, Co, Si͒. 10 Recently, a larger magnetic entropy change has been observed in NiMnGa alloys with the concurrence of magnetic and structural phase transitions. [11] [12] [13] The largest entropy change of 20 J kg −1 K −1 was revealed in the Ni 2.18 Mn 0.82 Ga alloy when the magnetic field changes to 1.8 T. These alloys are promising materials for the magnetic refrigerants. Therefore, the study on the simultaneous magnetic and structural phase transitions of NiMnGa is of great significance.
In this paper, we reported the experimental study on the phase-transition processes and the magnetic entropy changes of NiMnGa alloys whose austenitic phase Curie temperature is in the vicinity of the structural phase-transition temperature.
The polycrystalline Ni 55. 5 Mn 20 Ga 24.5 and Ni 54.9 Mn 20.5 Ga 24.6 alloys were prepared from pure ͑99.9%͒ elements using a conventional arc-melting method in argon atmosphere. Each arc-melted ingot was flipped over and remelted three times. To obtain a single phase, the ingots were homogenized at 1173 K for three days and then annealed at 973 K for another three days in an evacuated quartz tube. The crystal structure at room temperature was confirmed by the powder x-ray diffraction using Cu K␣ radiation. The sample for measurement was cut from the middle part of the ingots. The forward and reverse martensitic transition tema͒ Author to whom correspondence should be addressed; electronic mail: longy@mater.ustb.edu.cn peratures were determined by differential scanning calorimeters ͑DSC͒. The heating and cooling rates were 5°C min −1 . The first-order magnetic transitions of the alloys were determined by the ac magnetic susceptibility during the cooling and heating processes. The magnetic properties were measured using a vibrating sample magnetometer ͑LakeShore-7410͒ and a superconducting quantum interference device ͑MPMS-7͒ with a maximum magnetic field up to 2 T. The isothermal magnetic entropy changes were given by Maxwell relation as follows
where T is the temperature and M is the magnetization. Figures 1 and 2 show the temperature dependence of ac susceptibility of the Ni 55.5 Mn 20 Ga 24.5 and Ni 54.9 Mn 20.5 Ga 24.6 alloys, respectively. As shown in Fig. 1 , a sharp peak was observed during the heating process. It indicated that some ferromagnetic martensite have transformed into ferromagnetic austenite before magnetic transition. Then the mixed ferromagnetic martensite and ferromagnetic austenite transformed into paramagnetic austenite at the magnetic transition temperature. The magnetic transition occurred during the reverse matrensitic phase transition. But during the cooling process, the paramagnetic austenitic phase transformed into the ferromagnetic austenitic phase at the magnetic transition temperature, then the ferromagnetic austenite transformed into the ferromagnetic martensitic phase. So the martensitic transition was separated from the magnetic transition during the cooling process. The magnetic and martensitic phase transitions in the cooling process occurred at 319 and 311 K, respectively.
The alloy of Ni 54.9 Mn 20.5 Ga 24.6 exhibits a different phase transition process, shown in Fig. 2 . The ferromagnetic martensitic phase transformed directly into the paramagnetic austenitic phase. The temperature hysteresis between martensitic and reverse martensitic phase transitions is about 10 K defined by the ac susceptibilities curve. The main difference in phase transition process of the two alloys would be the magnetic state of austenitic phase near the phase-transition temperature. There exists the ferromagnetic austenitic phase in the Ni 55. 5 Mn 20 Ga 24.5 alloy near the phase transition temperature. But the austenitic phase in the Ni 54.9 Mn 20.5 Ga 24.6 was in the paramagnetic state near the phase transition temperature. Table I gives the parameters of the structural phase transitions obtained from DSC measurement. Here A s and A f are the austenitic starting temperature and finishing temperature, respectively, while the M s and M f are the martensitic starting temperature and finishing temperature, respectively. Figures 3 and 4 display the magnetization isotherms of the Ni 55.5 Mn 20 Ga 24.5 and Ni 54.9 Mn 20.5 Ga 24.6 alloys as the function of a magnetic field in the vicinities of the phase transitions, respectively. As is shown in Figs. 3 and 4 , the varieties of the magnetization isotherms of the two alloys are the same, though they exhibit different first-order magnetic transitions process. The magnetization decreased when the temperature increased in the same magnetic field. The magnetization decreased discontinuously at the transition temperature.
The magnetic entropy changes −⌬S m were calculated from the magnetization isotherms data by the Maxwell relation, shown in Fig. 5. For comparison, Fig. 5 
